Abstract: Combined influence of mean stress and stress amplitude on the cyclic life under elevated temperature (823-923 K) ratcheting of 316LN austenitic stainless steel is discussed. Constant life Haigh diagrams have been generated, using different combinations of stress amplitude and mean stress. In the plastic domain, the allowable stress was found to increase or decrease with mean stress depending on the temperature and combination of mean stress -stress amplitude employed. Strong influence of dynamic strain aging (DSA) was found at 823 K which affected the mode of deformation of the material in comparison with 923 K. Failure mode expressed through a fracture mechanism map was found to change from fatigue to necking depending on the test temperature as well as combinations of mean stress and stress amplitude. Occurrence of DSA at 823 K proved to be beneficial by way of extending the safe zone of operation to higher R-ratios in comparison with 923 K.
Introduction
Ratcheting is the progressive directional accumulation of deformation due to asymmetric loading in structures. Piping components in nuclear power plants are especially vulnerable to ratcheting [1] [2] [3] . In sodium cooled fast reactors (SFRs), high amount of strain accumulation due to ratcheting in service can thin down the structural components in the primary sodium circuit, leading to buckling. Therefore ratcheting is one of the prime considerations in the design of those components. Stress, strain or energy based life-prediction models viz. SWT or Walker are now-a-days used to predict ratcheting life with a reasonable accuracy [4] [5] [6] . But, it may be noted that even though such models are often used over the conventional S-N approaches, they involve use of several material constants which makes them complicated from a design point of view [6] . For stress controlled experiments with mean stress, design curves are primarily chosen as constant life diagrams which graphically define the combinations of stress amplitude and mean stress for a given constant life [7] [8] . Such diagrams, commonly known as Goodman or Haigh (modified Goodman) diagrams [7] , are mostly used for representing high cycle fatigue (HCF) data. Extending the above approach to ratcheting experiments conducted at elevated temperatures would be useful since variation in cyclic life with test parameters (mean stress, stress amplitude, temperature) under ratcheting is different from what is usually observed under conventional, fully reversed fatigue cycling [9] [10] [11] [12] [13] . Haigh diagrams delineate the safe zone of operation for a constant life, under different loading conditions for cyclic loading including ratcheting. More importantly, they can mark the mean stress-stress amplitude combination required to maintain an elastic shakedown, a condition desirable under ratcheting from a designer's perspective [9, 11] .
Earlier investigations by the present authors and other researchers [3, [9] [10] [11] [12] [13] [14] [15] on the elevated temperature ratcheting behavior of 316LN austenitic stainless steel have clearly elucidated the evolution of ratcheting strain with successive cycles under different conditions of mean stress (σ m ), stress amplitude (σ a ) and temperature. The present study aims at generating Haigh diagrams at two temperatures viz., 823 and 923 K for 316LN SS using the ratcheting test data and marking the underlying deformation mechanisms therein, in terms of the dominant mode of failure. Such an approach, it may be noted, has hitherto not been attempted for the case of high temperature ratcheting. material was subjected to solution annealing at 1,363 K/1 h followed by water quenching. Cylindrical fatigue specimens of 25 mm gauge length and 10 mm gauge diameter ( Figure 1) were machined from the heat-treated blanks.
The tests were carried out on a servohydraulic fatigue testing machine equipped with a resistance heating furnace under a uniaxial, engineering stress controlled mode using a triangular waveform (Figure 2 ) at a constant stress rate of 50 MPa s −1 . Axial strain was measured using averaging-type extensometers. Tests were conducted at 823 and 923 K by varying (i) σ m from 25 to 125 MPa keeping the σ a fixed and (ii) σ a from 135 to 280 MPa keeping the σ m fixed. The test parameters along with the R-ratio employed in this study are listed in details in Table 2 . The σ m -σ a combinations were chosen in such a way that the maximum stress (σ max ) in a test lies below the ultimate tensile strength which is a mandatory requirement for carrying out ratcheting experiments. Tensile data at 823 and 923 K for the selected material are furnished in Table 1 [16] .
Tests were carried out under asymmetric loading (nonzero tensile mean stress) which led to the accumulation of strain in the tensile direction. For any cycle, ratcheting strain (ε r ) is defined as the arithmetic mean of the maximum and minimum axial strains. The progressive buildup of the strain during ratcheting ultimately leads to failure. Failure mode was found to be dominated by fatigue or necking depending on the test temperature or σ m -σ a combinations employed during the testing. In the case of specimens wherein the deformation is dominated by fatigue, rapid crack growth taking place toward the end of life is expected to cause a sudden increase in the cyclic strain increment at the stage of imminent failure. Tests under such conditions were programmed to end when the strain increment attained 40% of the average strain throughout the cycling. However, the progressive increments in strain per cycle were found to be quite significant in cases of failures dominated by necking wherein, complete separation of the specimen was chosen as the failure criterion instead of 40% strain increment.
Results and discussion

Generation of Haigh diagrams at 823 and 923 K
The results of ratcheting tests performed at 823 and 923 K are summarized in Table 2 (a) and (b), respectively, while Figure 3 (a) and (b) present the respective Haigh diagrams generated thereof. Haigh diagrams were constructed by joining data points corresponding to approximately same life through different contours/curvatures which also intersect different R-ratios. The numbers indicated adjacent to the life contours are the minimum lives corresponding to a particular domain. Figure 3 (a) and (b) present the variation of σ a as a function of σ m for a constant life. The values of σ m chosen were kept within the elastic region to avoid plastic collapse. In the Figures, the line connecting the yield stress (σ y ) in both the axes depicts the domain of elastic deformation wherein the allowable σ a decreased with an increase in σ m (at both temperatures). Such observation is common under HCF. It may be noted here that for a given constant life contour, the stress amplitude required for a given value of mean stress is termed as "allowable stress". The term allowable is used to indicate the maximum (safe) value of stress amplitude that can be tolerated for a particular mean stress so that the resulting life corresponds to the specific life contour as defined by the above diagram. (a) At 823 K, in the regime of plastic deformation (beyond the elastic domain), the allowable σ a increased with increasing σ m , ending in an apparent saturation. This is because of an increase in the fatigue life with increasing σ m for a fixed σ a as shown in the data listed in Table 2 (a). Previous investigations [9, [14] [15] showed that with increase in σ m (at constant σ a ), the stress-strain hysteresis loops at half-life move upward thus shifting the cyclic deformation zone more toward the tension-tension side. Additionally, narrowing down of hysteresis loops and decrease in plastic strain with increase in σ m (at constant σ a ) was observed [9, [14] [15] . This is indicative of the fact that during ratcheting, an increase in the mean stress leads to hardening (from now on denoted as mean stress dependent hardening) which, coupled with the cyclic hardening occurring in the material, led to an increase in the cyclic life. It may be noted that cyclic hardening under stress controlled cycling manifests itself as a reduction in the cyclic plastic strain, thereby extending the cyclic life. Hence, for a constant life, the allowable σ a increased with an increase in σ m . However, this increasing trend was seen to end in an apparent saturation due to elastic shakedown occurring at 823 K (Table 2(a) ). This was attributed to the strong dynamic strain aging (DSA) effect at the above temperature [9] [10] [11] . Dynamic strain aging offers a high resistance to plastic deformation due to locking of mobile dislocations by the solute atoms [17] [18] , thus slowing down the cycle by cycle strain accumulation. Under specific σ m -σ a combinations, the resistance to plastic deformation is so severe that cycle by cycle strain accumulation almost ceased, leading to an elastic shakedown (fully elastic deformation) [9, 11] . In such cases, the failure was similar to HCF because the cyclic deformation was largely elastic. In the present set of experiments, test was terminated when the above condition was reached, typically after 18,000-20,000 cycles [9, 11] . This type of behavior was mostly noticed for the life contours pertaining to 10 4 and 6 Â 10 3 cycles (Figure 3(a) and Table 2 (a)). On the other hand, the trend was reversed for the lower life domains of 3 Â 10 3 and 5 Â 10 2 cycles, where the allowable σ a decreased with increasing σ m. This happens when a decrease in cyclic life took place with an increase in σ m at a constant σ a . It may be noted that in such cases, the σ a values are quite high which led to a large amount of strain accumulation, causing an early failure. Previous investigations showed that ratcheting carried out at high values of σ a (for any σ m ) results in a decrease in cyclic life owing to higher cyclic reversibility [9, [14] [15] . It was observed that in such cases, both maximum and minimum stresses increase which in turn widens the stress-strain hysteresis loops at half-life resulting in increase in plastic strain , thus lowering cyclic life [9] [10] [14] [15] . This also shows that at 823 K, the influence of DSA in terms of resistance to plastic deformation becomes weaker at higher values of σ a . High accumulation of ratcheting strain at higher values of σ a (for any σ m ) causes significant geometric softening (strain localization due to reduction in gauge diameter) which opposes the mean stress dependent hardening and cyclic hardening occurring in the material [19] . Under such situation, geometric softening becomes the primary contributor of damage outweighing the mean stress dependent hardening and cyclic hardening which also results in a change in the failure mode from fatigue failure to necking since it was well-known that significant geometric softening under ratcheting is the precursor for failure by necking mode [19] [20] .
With the temperature increasing to 923 K, elastic shakedown disappeared for the same combinations of σ a and σ m employed. This is because of the disappearance of DSA at 923 K for all combinations of σ a and σ m used in testing [11] . Referring to Table 2(b), it can be noted that a maximum life of 6,665 cycles was obtained at a σ m -σ a combination of 75 and 180 MPa, respectively, as against the elastic shakedown resulted under an identical loading condition at 823 K. The allowable σ a corresponding to the life contour of 3.5 Â 10 3 cycles was initially found to increase followed by a gradual decrease with σ m in contrast to the saturation observed at 823 K (Figure 3(b) ).This happens since elastic shakedown do not occur at 923 K as observed at 823 K, Hence, cycle by cycle strain accumulation becomes higher when σ m is increased for a given σ a for this life contour. Geometric softening plays a key role in fatigue damage despite mean stress dependent hardening and cyclic hardening taking place, unlike the previous case ( Table 2 (a) and Figure 3(a) ) resulting in a decrease in the cyclic life with increase in σ m . However, this is possible on reaching a threshold value of σ m (highlighted in bold in Table 2 (b)) at which geometrical softening starts to dominate failure instead of mean stress dependent hardening and cyclic hardening. Whenever geometric softening is predominant in causing the cyclic damage (above the σ m threshold), a necking type of failure ensued. On increasing σ a , this threshold σ m (marking the predominance of geometric softening/transition in failure mode) decreased continuously and ceased to exist altogether at very high values of σ a. In such cases, a decrease in cyclic life with increasing σ m (constant σ a ) is observed right from the beginning, as is evidenced in , 768 and 100 cycles, a continuously decreasing trend in the allowable σ a was noticed with increasing σ m . Similar trend was also observed at 823 K for high values of σ a where the effect of DSA is weaker.
Generation of Haigh diagrams at 823 and 923 K by normalization of σ a and σ m with yield stress (σ y )
Deformation behavior under ratcheting depends on the maximum stress (σ max ) employed in the test. It was clear from the results that the influence of σ m and σ a , either individually or in combination, on the ratcheting strain and the mode of failure, is a strong function of the test temperature. With an increase in the test temperature from 823 to 923 K, σ y of the material decreased from 149 MPa to 139 MPa (Table 1) indicating that for an identical combination of σ m and σ a , the σ max will be at a higher fraction of σ y at 923 K compared to that at 823 K. This results in a higher strain accumulation, accompanied by a reduction in life at 923 K. With a view to account for the temperature-dependence of yield stress, the values of σ m and σ a were normalized with respect to σ y in the constant-life Haigh diagram (Figure 4(a) and (b) ) so that a meaningful comparison between the deformation behaviors could be made at the two temperatures. The same was also used to map the various fracture modes (viz. fatigue, fatigue þ DSA and necking failure which are indicated through different legends) associated with elevated temperature ratcheting.
As the σ m /σ y is increased for a given value of σ a /σ y, it intersects different life contours (indicated by dotted lines in Figure 4(a) and (b) ). The dotted lines indicated in Figure 4 (a) and (b) are basically used to highlight the difference observed in terms of the loading parameters in the Haigh diagrams shown at 823 and 923 K, respectively. For example, at 823 K, as the σ m /σ y is increased, σ a /σ y of 1.8 intersects the life contours pertaining to 3 Â 10 3 and 500 cycles (see Table 2 (a) and Figure 4 (a)) whereas the same σ a /σ y passes through the life contours of 2 Â 10 3 , 3.5 Â 10 3 and 768 cycles (see Table 2 cycles with increasing σ m /σ y at 823 K (Figure 4(a) ), whereas it intersects the life contours of 3.5 Â 10 3 and 6 Â 10 3 cycles at 923 K (Figure 4(b) ). This above difference at the two temperatures is mainly due to prominence of DSA at 823 K which is inactive at 923 K [10] [11] .
Influence of R-ratio on σ m -σ a combination
Typically under HCF, an increase in the R-ratio for a given σ a leads to a reduction in life. However, in the present scenario (Table 2 (a)), an increase in σ m for σ a values upto 230 MPa (which means an increase in the R-ratio) led to life enhancement for the tests at 823 K. At the σ a of 180 MPa, it was seen that shakedown persisted for R-ratios of -0.56 to -0.18. On the other hand, at 923 K, a decrease in the cyclic life with an increase in the R-ratio was observed except at σ a ¼ 180 MPa, as can be observed from Table 2 (b). It was also apparent from Figure 3 that the contours delineating the lives of 6 Â 10 3 and 3.5 Â 10 3 cycles have shifted downwards at 923 K compared to those at 823 K which essentially implies that a given combination of σ a and σ m would yield a lower life in the former case.
Mechanisms of fracture under ratcheting at 823 and 923 K
At both the temperatures, fracture mode was found to change from fatigue failure to necking at high values of σ a /σ y (Figure 4 ), also denoted in Section 3.1. Similar findings were also reported by Kang et al. [20] for SS 304 and SS 316L where necking failure was attributed to the application of high maximum stresses. Normally, ratcheting strain accumulation gets accelerated leading to lower cyclic lives under conditions favoring necking. This is particularly true in cases where the primary mode of deformation is geometric softening [19] , as has been dealt with, in Section 3.1. Hence, geometric softening is the underlying mechanism for necking dominated failure in ratcheting. Typical fatigue failures occur when the strain accumulation is comparatively lesser and cyclic lives are higher. This can happen when mean stress dependent hardening and cyclic hardening are the dominant mechanisms of deformation. Such types of failures could be expected in the presence of DSA since, mean stress dependent hardening and cyclic hardening remain the key contributors of damage especially when DSA is prominent. Different modes of failure (fatigue, fatigue þ DSA or necking) under different loading conditions (σ a , σ m, temperature) were arrived at through fracture surface observations of the failed specimens, reported by the authors in previous investigations [19] . Those results are incorporated in Figure 4 (a) which shows that most of the failures are dominated by fatigue even for higher σ m /σ y values due to the presence of DSA at 823 K. Only exception is found at higher values of σ a /σ y where necking is prevalent owing to minimal influence of DSA. Since geometric softening becomes the dominant deformation mechanism at 923 K on reaching a threshold value of σ m (Section 3.1), a transition in the fracture mode from fatigue to necking was observed with increase in σ m /σ y at that temperature. This confirms that DSA suppressed necking failure to a large extent at 823 K. Moreover, an increase in the R-ratio for a specific σ a was found to be more deleterious at 923 K since the mode of failure changed from fatigue to necking. On the other hand, increase in R-ratio is not expected to cause significant damage at 823 K since fatigue dominates the mode of failure. Necking is considered dangerous from design perspective as large accumulation of strain could impart significant structural instability. Safe operating zone should therefore be limited to the fatigue failure zone or precisely, the domain of elastic shakedown since no change in the shape of the structure takes place in the latter case. It thus follows that for a given σ a , the occurrence of DSA at 823 K proves beneficial since it could extend the safe zone of operation to even higher R-ratios in comparison with 923 K where higher Rratios were found to be more damaging.
Conclusions
1. The allowable stress amplitude increased with an increase in the mean stress and saturated in the life domain of 10 4 cycles and beyond, including elastic shakedown at 823 K. This was seen to be associated with the occurrence of dynamic strain aging in those regimes. However, at 923 K, the allowable stress amplitude first increased followed by a decrease with the mean stress due to the absence of dynamic strain aging. 2. Dynamic strain aging led to significant life extension under ratcheting at 823 K which would be beneficial from the design point of view. 3. Mechanism of fracture was found to be either fatigue or necking depending on the test temperature as well as σ m -σ a combinations employed during the test. Increase in the stress ratio for fixed stress amplitude was found to lead to drastic life reduction at 923 K since it encompassed necking dominated failure. However, the domain of fatigue failure was extended at 823 K, owing to dynamic strain aging which mitigates the damaging consequences associated with increased stress ratio.
